Brain derived neurotrophic factor (BDNF) plays a pivotal role in structural plasticity, learning, and memory. Electroencephalogram (EEG) spectral power in the cortex and hippocampus has also been correlated with learning and memory. In this study, we investigated the effect of globally reduced BDNF levels on learning behavior and EEG power via BDNF heterozygous (KO) rats. We employed several behavioral tests that are thought to depend on cortical and hippocampal plasticity to varying degrees: novel object recognition, a test that is reliant on a variety of cognitive systems; contextual fear, which is highly hippocampal-dependent; and cued fear, which has been shown to be amygdala-dependent. We also examined the effects of BDNF reduction on cortical and hippocampal EEG spectral power via chronically implanted electrodes in the motor cortex and dorsal hippocampus. We found that BDNF KO rats were impaired in novelty recognition and fear memory retention, while hippocampal EEG power was decreased in slow waves and increased in fast waves. Interestingly, our results, for the first time, show sexual dimorphism in each of our tests. These results support the hypothesis that BDNF drives both cognitive plasticity and coordinates EEG activity patterns, potentially serving as a link between the two.
Introduction
Brain derived neurotrophic factor (BDNF) has been shown to be essential for memory formation [1, 2] . When BDNF activity is obstructed, major deficits in learning and memory are readily apparent [3] [4] [5] [6] , and these deficits can be prevented or even rescued by introducing BDNF [3] [4] [5] [6] [7] [8] . Furthermore, BDNF has also been associated with hippocampal plasticity, a major neural correlate of learning and memory [9, 10] . However, not all learning and memory tasks are hippocampal-dependent. For instance, while contextual fear conditioning strongly depends on the hippocampus [11, 12] , cued fear conditioning depends more on the amygdala [11, 13] . Meanwhile, the involvement of the hippocampus in novel object recognition (NOR) remains highly contentious [14, 15] . Using varied learning tasks in BDNF studies allows investigators to examine the different aspects of BDNF's involvement in memory and cognition.
Electroencephalographic (EEG) power has been well established as a metric for cognitive ability in animals and humans [16] [17] [18] . Alterations across delta, theta, alpha, beta and gamma frequencies have been linked to a large variety of neuropsychiatric disorders that feature cognitive dysfunction [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . EEG power has also been linked to learning and memory. For example, Sauseng et al. showed a correlation between theta oscillation activity between anterior and posterior brain regions and memory performance [29] . In animal models, hippocampal theta and gamma rhythms are closely linked to memory consolidation and long term potentiation [30, 31] . Interestingly, BDNF polymorphisms and local deletions of the BDNF gene have been tied to changes in EEG spectral power in both human subjects and brain slices in mice [32] [33] [34] , further linking BDNF and cognition.
Research utilizing genetically modified BDNF animals has shown that the BDNF gene is essential to neural survival and differentiation [35] . Unfortunately, homozygous BDNF knockout animals do not live past two to three days. BDNF heterozygous (KO) knockout animals do not possess the same severe physical defects, but do show reduced levels of BDNF expression in the brain [36] . BDNF KO rats and mice are also less proficient at several experimental learning and memory tasks [37] [38] [39] [40] . Altogether, the BDNF KO rodent model has proven to be a useful model for studying the role of BDNF in neural development, plasticity, and cognition. However, to our knowledge, no studies have investigated how BDNF heterozygosity affects EEG spectral power in freely moving rats. Additionally, no in-vivo studies have examined cortical and hippocampal EEG sex differences in BDNF heterozygous animals.
Using BDNF KO rats, the present study was designed to investigate the effects of globally reduced BDNF on male and female EEG power as well as performance in learning and memory tasks. We first compared the behavioral performance of wild-type and BDNF KO animals in a NOR paradigm. Next, we investigated the effects of BDNF heterozygosity on both amygdala-dependent cued fear memory and hippocampal-dependent contextual fear memory. Finally, using chronically implanted EEGs, we recorded and analyzed signals from the cortex and hippocampus of WT and BDNF KO animals. Given previous research on the role of BDNF in cognition, we hypothesize that BDNF KO animals will display deficits in learning tasks and cognition-related EEG power bands. The results of this study indicate that not only does BDNF affect both memory and EEG power, the effect is sexually dimorphic.
Materials and methods

Animals
For Experiments 1 and 2, the subjects were 12 adult male and 12 adult female rats, weighing between 250 and 300 g and housed individually in a home cage with ad libitum access to food and water. Half of the males and half of the females were wild type Sprague Dawley rats, while the other half were BDNF heterozygous rats (SAGE Labs, Boyertown, PA). Animals were divided into groups by strain and sex: WT males (n = 6), WT females (n = 6), BDNF KO males (n = 6), and BDNF KO females (n = 6). While in home cage housing, ambient temperatures were maintained at 25-27°C and animals were kept in a 12L:12D cycle (lights on at 6:00 am, lights off at 6:00 pm). Prior to any experimental procedures, animals were each handled 5 min for 5 consecutive days to habituate the animals to experimenter handling. Experiment 3 used identical animal distribution and housing conditions as Experiments 1 and 2.
Experimental design
All procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the University of Tennessee Animal Care Committee (Protocol Number: 2349-UTK). All behavioral tests were performed during the animals' light phase. Experiment 1 was performed during the first week, at which point both groups underwent a four-day Novel Object Recognition paradigm to measure cognitive performance. Experiment 2 was performed during the second week, at which time animals underwent a four-day fear-conditioning paradigm to measure emotional memory retention. At the end of the second week, animals from Experiments 1 and 2 were euthanized via isoflurane overdose. Tail snips were collected from 3 WT and 3 BDNF KO animals, chosen at random, in order to genotype the BDNF gene.
All animals in Experiment 3 underwent stereotaxic surgery under sterile conditions. During surgery, animals were chronically implanted with cortical electroencephalogram (EEG) and hippocampal EEG electrodes (Fig. 1) . After surgery, animals were monitored for a 7-10 recovery period. After surgical recovery, animals started daily electrophysiological recordings that continued for 1-2 weeks. At the conclusion of the recordings, rats were deeply anesthetized with ketamine-xylazine (100 mg/kg ketamine, 10 mg/kg xylazine) and perfused transcardially with normal saline and 4% paraformaldehyde. The brains were removed and processed for histological localization of electrode track and EEG recording sites. Tail snips were collected from 3 WT and 6 BDNF KO animals, chosen at random, in order to sequence the BDNF gene.
Experiment 1: novel object recognition
The NOR procedure was performed as previously described [41] . Briefly, the NOR procedure consisted of two habituation days, a sample phase day, and a test phase. Each phase of the NOR procedure began on separate, sequential days at 10:00 am, when animals were transported from their housing room to the behavioral testing room. Each animal's behavior during all phases was videotaped from directly above the 60 × 60 cm chamber, to be analyzed at a later time. For the sample phase, two duplicates of an object were placed in the chamber and each rat was allowed to explore for 10 min. The test phase was conducted 24 h later. For the test phase, one of the duplicate familiar objects was replaced with a different, novel object and each rat was allowed to explore for 5 min. The placement of the objects was counterbalanced within groups, to minimize the confounding effects of location preference and olfactory cues. Familiarization with the sample objects was also counterbalanced, such that half of the animals in each group were familiarized with two replicates of Object A and tested with Object B, and half were familiarized with two replicates of Object B and tested with Object A. At every point in the procedure, the chamber and objects were cleaned with Quatricide after each animal, to remove olfactory cues.
Experiment 1 analysis
Only the first two minutes of each video were scored, since this is the time period when animals are most sensitive to novelty and discrimination is detectable, as previously described [41] [42] [43] . All videos were scored using EthoVision XT software (Noldus Information Technology, Wageningen, The Netherlands), which automatically tracks the animal's nose-point and calculates exploration times as the amount of time the nose-point is < 2 cm from each object. These exploration times are used to calculate the Recognition Index (RI), which is a percentage defined as the amount of time spent exploring the novel object (T N ) divided by the time the spent exploring the familiar object (T F ) and the novel object: RI = T N /(T N + T F ).
Statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc., La Jolla, California, USA). The total distance travelled by each group during the test phase was analyzed using oneway ANOVA with Tukey's multiple comparisons test, to investigate the effects of strain and sex on locomotive activity. One-way ANOVAs and Tukey's post-tests were also used to compare the object exploration times of all groups and the RI's of all groups, to investigate the effects of strain and sex on NOR performance. Statistical significance was determined when p < 0.05.
Experiment 2: fear conditioning apparatus and acquisition procedure
As described previously [44, 45] , a standard testing chamber (30.5 × 24.1 × 21.0 cm; Standard modular test chamber, ENV-008; Sound attenuating cubicle, ENV-022MD; Med Associates) constructed from aluminum side walls and Plexiglas rear wall, ceiling, and hinged front door was used. Prior to any fear conditioning, animals were habituated to the test chamber for 5 min each day for two consecutive days. On the day of the fear acquisition procedure, rats were placed inside the testing chamber for a baseline/adaptation period of 2 min. Following adaptation, rats received two neutral tones (1000 Hz; 30 s tone presentation; 1 min inter trial interval) followed 30 s later by the presentation of three conditioned stimuli (5000 Hz; 30 s tone presentation; 1 min inter trial intervals) that co-terminated with a 2-s scrambled foot shock (1.0 mA). Rats were removed from the testing chamber 2 min after the last trial. The testing chamber was cleaned and disinfected with Quatricide before and after each use.
Experiment 2: cued and contextual fear retention testing
Approximately 24 h after fear acquisition, rats were brought to the behavioral testing room for fear retention testing. Rats received both cued and contextual fear retention testing, in a counterbalanced fashion. Contextual fear retention testing took place in the context of the cued fear acquisition procedure (Context A). Cued fear retention testing took place in an alternative context (Context B), which consisted of white plastic sidewalls and a white plastic floor. 4.5 h of time elapsed between contextual and cued retention testing. For contextual fear retention testing, rats were placed inside the testing chamber (in Context A) for a period of 5 min. For cued fear retention testing, rats were placed inside the testing chamber (in Context B) for a period of 2 min, at which point rats were presented with one conditioned stimulus (5000 Hz; 30 s tone presentation) and were then removed from the testing chamber, which was cleaned and disinfected with Quatricide before and after each use to remove olfactory cues.
Experiment 2 analysis
During fear memory acquisition training and retention testing, rat behavioral freeze responses were recorded and analyzed using customized computer software (Med Associates, Fairfax, VT). Freezing behavior was detected with infrared light and defined as the absence of any movement with the exception of breathing (sample rate: 30 frames/ s; min freeze duration 15 frames). Freeze duration and bouts were automatically scored using VideoFreeze software (Med Associates). Freezing is the most commonly used behavioral measure to assess fear during training, extinction, and testing in rodents. A greater percentage of freezing during testing is interpreted as greater fear memory [46, 47] . Statistical analyses were performed using SigmaPlot 13.0 (Systat Software, Inc., San Jose, California, USA). Two-way repeated measures ANOVAs and Tukey's post-hoc tests were used to investigate differences in freezing behavior across the cued fear acquisition training and retention testing procedures. Statistical significance was determined when p < 0.05.
Experiment 3: behaving cortical and hippocampal EEG recordings
After 7-10 days of post-surgery recovery time, rats were habituated to the experimenter, the recording chamber (30 × 30 cm fiberglass cylinder), and freely moving EEG recording conditions for a minimum of five days. To begin the recording, each wired hub was mated to a dedicated EEG recording apparatus (Pinnacle Technologies Pinnacle 8409 rat commutator) that amplified the cortical and hippocampal EEG 100 times. Data was sampled at a rate of 1 kHz. A bandpass filter eliminated input outside of the range of interest (0.5-100 Hz) with Sirenia ® Acquisition software (Pinnacle Technology Inc., Lawrence, Kansas, USA). Habituation was maintained under the a 12-h light-dark cycle, free access to food and water, and freely moving conditions as similar to housing, and male and female recordings were performed a minimum of 24 h apart. The recording chambers were thoroughly cleaned with Quatricide between animals. The habituation sessions were performed continuously for six hours from 9:00 AM to 3:00 PM. During recording, signal and video output were monitored from an adjacent room to ensure data quality and normal animal behavior. Experimental recordings were conducted in a manner identical to habituation.
Experiment 3 analysis
For spectral power analysis, amplified and filtered EEG data were digitized at a sampling frequency of 200 Hz. Cortical and hippocampal digitized data were subjected to a Fast Fourier Transformation from 0.5-100 Hz with an interval of 0.2 Hz to determine the total power per hour for each six hour recording (Sirenia Sleep Pro, Pinnacle Technologies, Inc.). From the resulting data, delta (0.5-4.5 Hz), theta (4.6-10.0 Hz), alpha (10.1-14.0 Hz), beta (14.1-35 Hz), and gamma (35.1-100 Hz) frequencies were extracted. Data for each frequency were normalized as a percentage of the absolute power. Spectrograms were created using complex Morlet wavelet convolution with frequencies extracted from continuous data at integer intervals from 1 to 40 Hz. The number of wavelet cycles was set at 20 to increase frequency precision. To show changes in total power, resulting data were segmented into 10-s bins and averaged within subject group. A baseline subtraction was then performed to show changes in heterozygous versus wild type animals. Time-frequency power was calculated as the squared magnitude of the results of the complex convolution. Statistical tests of skewedness and homogeneity were measured to ensure data normality. Cortical and hippocampal power for each group was measured against every other group with a one-way ANOVA (IBM SPSS Version 22.0, IBM Corp. Armonk, NY). Bonferroni post-hoc tests were used to determine differences between individual groups, with a threshold of significance set at P < 0.05.
Determination of the BDNF gene sequence in wild-type and BDNF KO rats
DNA was extracted from 4 to 6 mm tail snips (6 total WT and 9 total BDNF KO) using the DNEasy Blood & Tissue Kit (Qiagen, Venlo, Netherlands), in accordance with the manufacturer's protocol. Extracted DNA was combined with the forward and reverse primers (SAGE labs, Boyertown, PA) and the AmpliTaq Gold PCR Master Mix (Applied Biosystems, Thermo Fisher, Foster City, CA) in order to amplify the BDNF gene using a PCR approach. The PCR conditions were an initial denaturation at 95°C for 5 min, followed by 95°C for 30 s, 60°C for 30 s, 35 cycles of 68°C for 40 s, and a final extension at 68°C for 5 min. PCR products were prepared for sequencing using Exo-SAP (Affectrix, Thermo Fisher, Foster City, CA). DNA samples were sent to the University of Tennessee Genomics Core for sequencing. The Fig. 1 . Experimental setup. A) Screw electrodes attached to the skull bilaterally to record electroencephalogram (EEG) activity from the primary motor cortex. B) A Depth electrode was inserted into the CA1/dentate gyrus regions of the right hippocampus. Input from the electrodes was transferred to Sirenia Sleep Pro for visualization and offline analysis.
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resulting sequence files were aligned and analyzed for percent agreement (99% for all the WT and BDNF KO samples) and deletion location using SeqMan Pro and MegAlign software (DNASTAR Inc., Madison, WI). Raw data was exported and a selected range of base-pairs were graphed using SigmaPlot.
Results
BDNF gene sequencing confirms knockout heterozygosity
In order to confirm that our BDNF KO rats were in fact heterozygous for the knockout gene, we analyzed the sequences of a random set of WT and BDNF KO rats. Our analyses confirmed a 7 base-pair deletion in the BDNF KO animals. The deletion point was detected by the presence of ambiguous bases, which indicated that two base-pairs were detected at one point -a feature of heterozygosity. Visualization of the appropriate base-pairs confirmed that one matched the WT, while the other corresponded to a point seven base-pairs downstream, indicating the desired deletion (Fig. 2) .
BDNF heterozygosity affects test phase object exploration and has sexspecific effects on novel object recognition
To ensure that all groups showed equal amounts of object exploration during the sample phase, we compared the groups' exploration times of the two duplicate sample objects using one-factor ANOVAs. These analyses revealed no significant differences in exploration of the two duplicate objects (Object 1: F (3,20) = 2.6, p = 0.08; Object 2: F (3, 20) = 0.23, p = 0.88), as shown in Fig. 3A . One-factor ANOVAs of object exploration during the testing phase indicated significant differences between groups in time spent exploring the familiar (F (3, 20) = 4.1, p = 0.02) and novel (F (3, 20) = 3.9, p = 0.02) objects, shown in Fig. 3B . Tukey's posttests revealed that KO males showed significantly less exploration of the familiar object than WT males (p < 0.05), while other groups did not differ significantly. Posttests of novel object exploration revealed that, although KO animals showed decreased exploration of the novel objects compared to their WT counterparts, these differences were insignificant. However, because no sex differences in exploration were detected at either time point, we collapsed the male and female groups of both genotypes and ran a onefactor ANOVA with repeated measures on total object exploration time, shown in Fig. 3C . This analysis revealed significant differences between groups (F (3,11) = 5.8, p = 0.003). Tukey's posttests revealed that WT animals spent significantly more time exploring objects during the test phase compared to their sample phase exploration (p = 0.01) and to the KO animals' test phase exploration (p < 0.01).
A one-factor ANOVA of Recognition Indices (RIs), shown in Fig. 3D , indicated significant differences between groups in NOR performance (F (3, 20) = 3.8, p = 0.03). In fact, the average RI of the KO females was 50%, which is chance level performance. Also, Tukey's post-tests revealed they had significant recognition deficits compared to their WT counterparts (p < 0.05) while all the other groups performed above chance level. It should be noted that, although BDNF KO males did successfully discriminate between novel and familiar objects, their method of discrimination differed from the WT animals. While the WT animals increased exploration of the novel object, the BDNF KO males did not, and instead decreased exploration of the familiar object. These differences in exploratory behavior are highlighted in Fig. 3F , which exemplifies how WT animals seemed to have more interest in objects during the test phase than the BDNF KO animals did. Since it is possible that these differences were due to differences in locomotor activity, we ran a one-factor ANOVA on locomotor activity of the BDNF KO and WT animals (Fig. 3E) . Although significant variation was detected (F (3, 20) = 5.7, p = 0.005), Tukey's posttests revealed the source of this variation to be between the two sexes in the BDNF KO animals (p < 0.01). BDNF KO males had significantly less locomotor activity than the BDNF KO females. No significant differences were found between the BDNF KO animals and their WT counterparts (Fig. 3E ).
BDNF heterozygous animals display deficits in fear memory retention
BDNF heterozygosity is associated with reductions in global BDNF levels, thus we would expect that animals with a heterozygous genotype to exhibit deficits in fear learning. Indeed we found this to be the case. For females, as indicated by a two-way repeated measures ANOVA, there was a main effect of both genotype (F( 1,60) = 8.76, p = 0.014) and trial (F (1,60) = 13.17, p < 0.001). There was also a significant genotype × trial interaction (F (1,60) = 2.63, p = 0.025). Further analysis (Tukey's post-hoc tests) revealed that the percentage of time spent freezing, compared to wild type females, was significantly lower in heterozygous females during acquisition at the second and third conditioned stimulus tone (CS2 and CS3, respectively). However, freezing levels between heterozygous and wild type females was equivalent at the anticipatory time point (POST). Freezing was also significantly decreased in BDNF heterozygous females during both cued and contextual memory retention testing (Fig. 4) . In males, as indicated by a two-way repeated measures ANOVA, there was a main effect of both genotype (F (1,60) = 5.89, P = 0.036) and trial (F (1,60) = 14.98, p < 0.001), and there was also a trend towards a significant genotype × trial interaction (F (1,60) = 2.23, p = 0.052). Tukey's post-hoc analysis revealed that BDNF heterozygous males froze significantly less than wild type males at CS2, however freezing was equivalent at CS3 and POST. Furthermore, freezing was significantly decreased in heterozygous males during contextual, but not cued, memory retention testing. Overall, these results that BDNF heterozygosity results in marked deficits in fear memory retention in a sex specific manner.
Qualitative differences in hippocampal power between BDNF KO and wild type animals
As can be seen in the spectrograms, all hippocampal power bands showed major qualitative differences between genotypes and across sexes (Fig. 5) . Females displayed obvious decreases in delta power, small decreases in theta power, small increases in alpha power, marked increases in beta power, and major increases in gamma power (Fig. 5A) . Males showed an analogous but exaggerated pattern, with notable decreases in delta, marginal decreases in theta, and marked increases in alpha, beta, and gamma power (Fig. 5B) .
Hippocampal delta and theta power reduction in BDNF KO animals
Quantitative analysis revealed the same trend. For both sexes, oneway analysis of variance exposed differences in delta, across all but one Fig. 2 . Sequence of the BDNF gene in the wild-type (A) and heterozygous BDNF knockout animals (B). Chromatogram illustrating a 34 base-pair (bp) DNA segment of the BDNF gene in the wild-type (A) and heterozygous BDNF knockout (KO) animals (B). Notice the double peaks found in the KO sequence, and that the first double peak point has one peak that matches the first base in the deletion, and another peak that matches the first base after the deletion, indicating that the BDNF gene is absent from half of the genetic material sequenced. (Fig. 6A) . Neither males nor females showed significant differences in hippocampal theta. (Fig. 6B ).
Hippocampal alpha, beta, and gamma power increase in BDNF KO animals
In contrast, hippocampal alpha and beta demonstrate the opposite trend, with BDNF KO males displaying increased power as compared to wild types (Fig. 7) . Differences in hippocampal alpha were minimal across sexes in the alpha band (Fig. 7A) . Hippocampal beta, however, showed a distinct effect. BDNF KO females again showed no significant differences. Male BDNF KO animals showed highly significant differences in hours one (F (3, 20) = 6.44; P = 0.003), two (F (3, 20) = 6.85 P = 0.002), three (F (3,20) = 5.00; P = 0.01), four (F (3,20) = 6.25; Fig. 3 . Effects of BDNF heterozygosity on object exploration and novel object recognition. A) Histograms illustrating average object exploration time (sec) for wild-type (WT) and BDNF heterozygous knockout (KO) male and female rats during the sample phase. Notice no differences in exploration were found. B) Object exploration during the test phase, 24 h later. Note that there were no significant differences in exploratory behavior during the familiarization phase, but during the test phase, the KO Male group showed significantly decreased exploration of the familiar object compared to the WT Male group. C) Histograms plotting average total object exploration time for WT and KO animals during the sample and test phases, with sexes collapsed. Note that, during the test phase, WT animals increased object exploration above sample phase levels, but KO animals did not. D) Histograms displaying Recognition Indices. Note that the KO Females had significant deficits in NOR, while the all other groups were able to successfully discriminate novel from familiar objects. E) Histograms illustrating average locomotion during the test phase for male and female wildtype (WT) and BDNF heterozygous knockout (KO) rats. Note that KO animals did not significantly differ from WT animals, but KO males showed significantly reduced locomotion compared to KO females. F) Heat maps plotting nosepoint exploration during the test phase, from blue (low exploration) to red (high exploration). Notice that the KO animals show much less exploration of objects in general. Asterisk represents comparisons between genotypes, *p < 0.05, **p < 0.01. (Fig. 7C) . These results indicate that a deficit in BDNF is not only highly disruptive to these hippocampal power bands, but also that male animals are selectively affected by these disruptions.
Cortical EEG power is decreased in BDNF KO male theta band
Fig. 8 summarizes our findings in cortical power. One-way analysis of variance showed no significant power differences between the wild type and BDNF KO or females and males in cortical delta in any of the six tested hours. Cortical theta, however, displayed a significant decrease from wild types in the male BDNF KO animals F (3, 20) = 3.11; p = 0.049), but no effect in females. Finally, there were no noticeable differences between BDNF KO and wild type females or males in cortical alpha, beta, or gamma. Because only theta band displayed significant differences between BDNF KO and wild type animals, these bands are presented in a time-collapsed format.
Discussion
Our results indicate that BDNF KO rats display behavioral differences in a sex dependent manner, and that these changes may be due to underlying abnormal hippocampal and cortical EEG activity. Our specific conclusions are as follows: 1) BDNF KO females and males were differentially affected by reduced BDNF levels in a novel object recognition task; 2) BDNF KO animals show reduced interest in novel objects; 3) The retention of fear memories appears to be impaired by BDNF heterozygosity, and female and male KO rats display different degrees of memory retention; 4) Finally, cortical theta is decreased Fig. 4 . BDNF heterozygosity significantly affects fear retention. Histograms showing the average (mean ± SEM) percentages of time spent freezing (% Freezing). Although female BDNF KO rats spent significantly less time freezing compared to their wild-type counterparts during acquisition at CS2 and CS3, they froze equivalently at POST. Male BDNF KO rats also froze significantly less at CS2 but at no other time point during training. Also, female BDNF KO rats spent significantly less time freezing during both cued (CUE) and contextual (CONTEXT) fear memory retention testing. On the other hand, male BDNF KO rats only froze significantly less than wild-type males during contextual fear memory retention testing. Note that there were no significant differences in neutral tone (NT) freezing in either sexes. Taken together, these data indicate an overall deficit in the retention of conditioned fear in both male and female BDNF KO rats, although contextual fear memory is modulated in a sex-dependent manner. Post-hoc Tukey's tests: Asterisk represents comparisons with wild-type animals of the same sex; *p < 0.05. Fig. 5 . Qualitative analysis of hippocampal power differences between BDNF heterozygous and wild type female and male animals. Frequency was analyzed from 0.2-100 Hz in 0.2 Hz intervals. A baseline subtraction of the wild type and heterozygous plots results in the figure shown. Magnitude of fold change is indicated by color. Blue hues indicate negative change from wild type, green and yellow represent negligible change, and orange and red designate positive change. The time scale represents a normalized sample of ten second intervals from the six-hour recording. (A) Spectrogram displaying differences between wild type and heterozygous females. (B) Spectrogram presenting differences between wild type and heterozygous males. Both sexes displayed obvious decreases in the delta band and obvious increases in the beta band. Intriguingly, the male spectrogram displays a deficit in high theta absent in the female, as well as a larger increase in alpha and gamma bands. Gamma power was consistent up to 100 Hz. while hippocampal slow waves are suppressed and fast waves are increased in BDNF KO rats, suggesting abnormal information processing in these areas. The present study, for the first time, provides evidence for sex differences in the behavioral effects of the BDNF KO genotype in rats. According to our results, male KO rats were able to discriminate the novel object from the familiar object, which matches previous literature [48] . However, female KO rats were not able to discriminate successfully, indicating a sex difference in NOR behavior. These results could be explained by the reduced locomotion seen the in KO males compared to KO females. It is possible that the males simply did not explore as much as the females and therefore, by chance, reduced exploration of the familiar object. However, due to the counterbalancing of the location of the familiar object, this seems unlikely. Instead, it seems that female rat NOR performance is more affected by reduced BDNF levels than male rat performance. This is interesting in light of the fact that female rodents have been shown to have better NOR performance than males when the novel and familiar objects are similar -or, in other words, when discrimination between objects is more difficult [49] . Perhaps the neural or behavioral mechanisms underlying NOR are slightly different between the sexes, allowing females to have increased accuracy under some circumstances, but rendering them more sensitive to cellular or molecular alterations, particular in regards to BDNF expression.
It is important to mention that the present study found behavioral alterations in BDNF KO rats in the NOR paradigm, which has never before been reported [48, 50, 51] . Specifically, the WT animals increased total object exploration during the test phase, but the KO animals did not. Studies that investigated lesioning of the perirhinal cortex, widely considered the most critical region for NOR, found that animals increased exploration of both the novel and familiar objects [52] [53] [54] . Investigators interpreted this behavior as a demonstration of novelty detection with an inability to discriminate or properly map the novel stimulus [52] [53] [54] . This is in direct contrast with our BDNF KO animals. Since the KO animals showed no increased object exploration, it is possible that they did not detect a novel stimulus. In fact, BDNF KO animals may have reduced interest in or sensitivity to novelty. This is supported by the fact that higher baseline levels of BDNF have been linked to novelty sensitivity [55, 56] . Taken together, these results imply that BDNF may be involved in multiple aspects of memory and cognition, which may not be limited to hippocampal plasticity.
In addition to deficits in object memory, our data suggest that BDNF heterozygosity is also associated with deficits in fear memory. Specifically, KO males and females display deficits in the retention, but not the acquisition, of conditioned fear. Despite selective deficits in freezing at some CSs, all animals showed equivalent freezing at the anticipatory time point (Post CS), which suggests that all animals acquired the fear memory. This would be in line with other studies of KO animals that also do not show an impairment in acquisition [57] [58] [59] . Reduced freezing during the CS presentations in the KO animals may be . In contrast to delta and theta, alpha, beta and gamma show increases in percentage of total power in BDNF heterozygous animals. Interestingly, hippocampal alpha does not display noticeable sex differences, while hippocampal beta and gamma present a markedly greater effect in heterozygous males than females.*p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) related to reduced BDNF-related pain perception [60] . We also found that, at testing, female KO rats have impaired cued and contextual memory retention, whereas male BDNF KO rats only have impaired contextual memory retention. Interestingly, Endres and Lessmann demonstrated that BDNF KO male mice showed an age-dependent deficit in fear learning, such that deficits in amygdala dependent-cued fear learning only occurs when mice are aged 3 months and older [59] . BDNF levels are known to decline with aging in male rats [61] , perhaps this decline occurs earlier in females. Alternatively, this pattern of results might suggest that, in males, hippocampal-dependent tasks are more sensitive to BDNF knockdown than amygdala-dependent tasks. At any rate, a deficit in contextual memory in KO males is similar to previous studies using male KO mice [57, 58] . It is noteworthy that Liu et al. was able to rescue this deficit in contextual fear memory with intra-hippocampal infusions of exogenous BDNF [58] . In fact, BDNF mRNA is up-regulated in the CA1 layer of the hippocampus during contextual fear learning [62] . In conjunction with our EEG findings, these data suggest that knockdown of the BDNF gene is particularly deleterious to the hippocampal functioning and, thus, hippocampal dependent tasks.
The results of our EEG study show persistent male-specific effects. These perturbations may be a potential source of the anomalous behavioral results. The deficit in male cortical theta spectral power suggests a disruption of cortical coupling to other areas, as has been shown between cortical-hippocampal and cortical-thalamic interactions [62, 63] . Disruption of cortical information transfer could result in difficulties correctly recognizing temporal cues, short-term memory, and other cognitive functions [64] . Such a disruption would have a major effect on tests sensitive to novelty information as in NOR testing and in temporally linked events such as fear conditioning. However, BDNF KO males in NOR testing only showed differences in exploration rather than recognition, and while male BDNF KO rats did show selectively impaired contextual memory, females also showed a deficit without differences in EEG power.
While the cortical differences were limited to the theta band, male BDNF animals' hippocampal rhythms were markedly changed from those of our wild types. The general pattern of hippocampal changes across all bands was a decrease in low-frequency oscillations and an increase in high frequency oscillations. This finding immediately brings to mind the hierarchical model of oscillatory organization [65] , in which lower frequency oscillations are responsible for regulating those of higher frequency. The tendency for slow wave oscillations to cover a relatively large area of the brain, sometimes encompassing multiple distinct functional areas, and for high frequency waves to be confined to specific functional areas lends credence to the theory that slow waves are responsible for basic behavioral processes such as attention, arousal, and homeostatic maintenance [66] , while high frequency oscillations are involved in higher level cognitive function [67] [68] [69] . This general model links the behavioral testing results with our electrophysiological findings.
In relation to the specific alterations seen in our animals, delta oscillations are increased in sexual and food-based arousal states, both states that increase exploration and novelty seeking [66] . The decrease in delta found in our males may explain the decreased exploration in NOR testing. Interestingly, theta oscillations, which have previously been shown to play an essential part in spatial memory [70] , were not significantly affected. However, it has been shown that gamma oscillations and theta oscillations are nested during memory tasks [71] . It is possible that the disparities found here represent a disruption of this coordinated activity. While alpha and beta have not been studied extensively, gamma oscillations in the hippocampus have been suggested to package relevant information into appropriate temporal categories. This allows for efficient assimilation of environmental information in the hippocampus [67] . Gamma power has also been shown to increase during learning paradigms. [72] . In our aberrant recordings, the improper coordination and assimilation of sensory and temporal information may be responsible for the deficits found in behavioral testing. In particular, contextual and object memories, which are reliant on hippocampal function [73, 74] , may be impaired by this disruption.
There are several limitations the authors would like to discuss. First, it is possible female deficits in behavioral tests are due to estrus cycle effects, which has been shown to effect BDNF levels [75] . In addition, the EEG power effects were not recorded in the same animals that underwent behavioral testing. Also, we did not record electromyogram data from our animals, preventing identification of sleep-wake states. However, given the persistence of the effects, and the documented deleterious effect of BDNF heterozygosity on hippocampal function [76] , it seems unlikely that these findings are not somehow interrelated. Thus, we propose here that this interruption of hippocampal function impacts cognitive activity not only by altering neuroanatomical processes but also the delicate network of electrophysiological communication that coordinates behavior. Future research exploring the specific effects of behavioral testing on EEG power would provide a more robust test of our hypothesis.
Conclusions
In conclusion, BDNF heterozygosity results in marked deficits in object and fear memory, as well as male-specific alterations in cortical and hippocampal EEG activity. These changes in EEG spectral power may indicate a differential mechanism of learning and memory deficits between male and female BDNF KO rats. If true, these findings could prove valuable to future research on sex-dependent learning.
